Increased activity of MYC protein-family members is a common feature in many cancers. Using neuroblastoma as a tumor model, we established a microRNA (miRNA) signature for activated MYCN/c-MYC signaling in two independent primary neuroblastoma tumor cohorts and provide evidence that c-MYC and MYCN have overlapping functions. On the basis of an integrated approach including miRNA and messenger RNA (mRNA) gene expression data we show that miRNA activation contributes to widespread mRNA repression, both in c-MYCand MYCN-activated tumors. c-MYC/MYCN-induced miRNA activation was shown to be dependent on c-MYC/ MYCN promoter binding as evidenced by chromatin immunoprecipitation. Finally, we show that pathways, repressed through c-MYC/MYCN miRNA activation, are highly correlated to tumor aggressiveness and are conserved across different tumor entities suggesting that c-MYC/ MYCN activate a core set of miRNAs for cooperative repression of common transcriptional programs related to disease aggressiveness. Our results uncover a widespread correlation between miRNA activation and c-MYC/ MYCN-mediated coding gene expression modulation and further substantiate the overlapping functions of c-MYC and MYCN in the process of tumorigenesis.
Introduction
Activated signaling of MYC gene-family members (c-MYC, MYCN, MYCL) is a hallmark of many cancer types and contributes to tumorigenesis by promoting cell growth, metastasis, angiogenesis and genomic instability (Adhikary and Eilers, 2005) . MYC genes can activate and repress transcription of target genes through distinct mechanisms. Transcriptional activation is well understood and depends on the binding of MYC to its consensus DNA recognition sequence 5 0 -CACG TG-3 0 or E-box. In contrast, the mechanism of transcriptional repression is more obscure and seems independent of E-box binding. One mechanism relies on the binding of MYC with the cofactor Miz-1, which tethers MYC to promoters (Kleine-Kohlbrecher et al., 2006) whereas another involves the induction of gene silencing through MYC-mediated promoter hypermethylation (Gartel, 2006) .
Recently, the MYCN/c-MYC transcriptional network has been shown to also include microRNAs (miRNAs). These small non-coding RNAs have an effect on virtually every aspect of tumorigenesis and function as negative regulators of messenger RNA (mRNA) levels and translation (Bartel, 2009) . Some miRNAs, such as those belonging to the oncogenic miR-17-92 cluster, have been shown to be important players in MYCN/c-MYC signaling (O'Donnell et al., 2005; Dews et al., 2006; Chang et al., 2008; Fontana et al., 2008; Schulte et al., 2008; Northcott et al., 2009) . However, a more general insight in the relationship between miRNAs and mRNAs within the MYCN/c-MYC transcriptional network remains to be examined.
Neuroblastoma qualifies as an excellent model system to study the MYCN/c-MYC transcriptional network. Activated MYCN/c-MYC signaling is a hallmark of poor prognosis for neuroblastoma tumors (Fredlund et al., 2008) and can be caused either by MYCN amplification (Seeger et al., 1985) or increased c-MYC expression in stage 4 MYCN non-amplified neuroblastoma tumors (Westermann et al., 2008) . This increase in MYCN/c-MYC expression results in the activation of coding target genes related to poor patient prognosis independently of MYCN amplification (Fredlund et al., 2008; Westermann et al., 2008) .
In this study, we identified a comprehensive miRNA signature induced by increased MYCN/c-MYC signaling in neuroblastoma and show that MYCN and c-MYC have overlapping functions in the induction of this miRNA signature. Most importantly, we provide evidence that MYCN/c-MYC-activated miRNAs are correlated to widespread mRNA downregulation pointing at MYCN/c-MYC-regulated gene expression modulation beyond transcriptional control. Transcriptional programs that are affected in this way underlie distinct prognostic subgroups of both neuroblastoma as well as other tumor entities with activated MYCN/c-MYC signaling.
Results

MYCN/c-MYC microRNA signature delineation
For the identification of miRNAs differentially expressed between MYCN-amplified (MNA) on the one hand, and MYCN single-copy low-risk (SL) or highrisk (SH) tumors on the other (see Supplementary Material for definition), two independent unpublished patient cohorts (n ¼ 56 and n ¼ 39) were analyzed for a total of 430 miRNAs. When comparing MNA with SL tumors, we found 49 miRNAs significantly differentially expressed in both cohorts. Comparing MNA with SH resulted in 12 differentially expressed miRNAs. In total, we identified 50 unique miRNAs (16 upregulated and 34 downregulated) differentially expressed between MNA and MYCN single-copy tumors in the two independent data sets (Supplementary Table S1 ). Supporting our result, differential expression has earlier been shown for several of the listed miRNAs in other cancer entities with increased MYCN/c-MYC signaling (Supplementary Table S2 ). Cluster analysis based on this 50 miRNA signature on both cohorts distinguishes three major clusters with a clear separation between MNA and MYCN single-copy tumors (Figure 1a , Supplementary Figure S1 ). Interestingly, the 50 miRNA signature also separates SH from SL tumors despite the fact that differential miRNA expression between these groups was not selected for. This additional separation suggests that MYCN/c-MYC signaling rather than MYCN levels alone underlies the differential expression of this miRNA signature. Indeed, c-MYC expression is Figure S2) , confirming the inverse relationship between MYCN and c-MYC (Vandesompele et al., 2003) , and has been shown to drive MYCN/c-MYC mRNA target gene expression in these tumors (Westermann et al., 2008) . In addition, other genetic factors than increased MYCN/c-MYC activity could also contribute to the observed miRNA expression differences. MNA tumors are frequently associated with 1p deletions (80.6% in MNA subgroup and 17.9% in SH subgroup) while SH tumors are associated with 11q deletions (89.3% in SH subgroup and 32.3% in MNA subgroup). Factors in either of these regions affecting miRNA expression can contribute to the observed signature. The three main clusters, defined by the miRNA signature, significantly correlate to overall (Po0.001) and event-free (Po0.001) patient survival confirming its ability to define subgroups with differential prognosis (Figures 1b and c) .
We identified six typical patterns of expression within the 50 miRNA signature when comparing MNA, SH and SL tumors (Figure 2 in combination with c-MYC translocation (Supplementary Figure S3A ). Fluorescence in situ hybridization results for the t(8;14) translocation described in Burkitt lymphoma were negative suggesting a translocation partner other than chromosome 14 (data not shown). These aberrations at the c-MYC locus ultimately result in an increased expression of c-MYC (12.8-fold) and of key protein coding c-MYC target genes (Supplementary Figure S3B and C). To our knowledge, this is the first report of a primary neuroblastoma tumor with c-MYC translocation. In addition, this tumor presented with genetic abnormalities (such as 1p deletion and 17q gain, data not shown) typically found in MNA tumors thus supporting the notion that MYCN and c-MYC have overlapping functions in vivo and in the process of tumorigenesis (Malynn et al., 2000) . c-MYC translocation provides an additional mechanism for neuroblastoma cells to obtain high level c-MYC expression, together with the earlier reported c-MYC amplification in SJNB-12 and MP-N-TS neuroblastoma cells (SaitoOhara et al., 2003; Van Roy et al., 2006) . The second MYCN single-copy tumor did not show any aberrations at the c-MYC locus suggesting that other mechanisms are responsible for increased activity of MYCN/c-MYC in this tumor. Both of the patients died of disease. Finally, eight MNA tumors clustered outside the MNA cluster. All but one grouped within the SH cluster, presumably because of the overlapping miRNA expression patterns between MNA and SH tumors ( Figure 2 ).
To further examine the miRNA signature, we also examined a panel of MNA (n ¼ 5), MYCN single-copy (n ¼ 5) and c-MYC-amplified (n ¼ 1) neuroblastoma cell lines. For several miRNAs, expression levels in the c-MYC-amplified cell line SJNB-12 were similar to those in the MNA cell lines (Supplementary Figure S4) . These data are in line with the miRNA expression pattern that was observed in the c-MYC-translocated primary neuroblastoma tumor and further support the apparent overlapping functions for MYCN and c-MYC with regard to miRNA regulation in these cancer cells.
MYCN/c-MYC binds to microRNA promoters
To confirm that the 16 upregulated miRNAs are indeed responsive to MYCN/c-MYC, we profiled their expression in two independent MYCN model systems. On MYCN activation, 10 out of 16 upregulated miRNAs showed a 41.5-fold induction in expression in at least one model system whereas 6 out of 16 were induced in two model systems (Supplementary Figure S5) . Varying results between the between model systems and primary tumor cells might be due to cell-specific differences in target genes and cell-dependent variations in the composition of MYCN transcriptional complexes (Cappellen et al., 2007) . Differences between the model systems could be because of the level of induction of the MYCN gene, culture effects or treatment-related events. To analyze miRNA regulation by MYCN/c-MYC, we assessed binding of MYCN or c-MYC using chromatin immunoprecipitation (ChIP)-chip to genomic regions of the upregulated miRNAs. Besides binding of MYCN or c-MYC, we also defined the epigenetic marker status of these genomic regions in six neuroblastoma cell lines. We used H3K4me3 for active and H3K27me3 for repressed regions. In addition, H3K36me3 was used for transcript elongation. For 10 out of 11 miRNAs that are broadly covered by the array probe set, we observed MYCN or c-MYC binding as well as an epigenetic marker state that is in line with transcription of the respective miRNAs (Table 1) A microRNA target identification strategy For high-throughput miRNA target identification, we devised a strategy based on the integration of a unique mRNA (obtained through Affymetrix exon gene expression analysis) and miRNA expression data set together with miRNA target recognition characteristics. In a subset of 40 tumors, we calculated correlations between the expression of each of the 50 miRNAs and B15 000 mRNAs. Candidate target mRNAs were defined as being significantly negatively correlated to the expression of the miRNA (Spearman's rank, Benjamini Hochberg multiple testing correction) with a rho value below À0.5 and with the occurrence of at least one 3 0 UTR seed. Three different seed matches were considered: at least one 7mer seed (7mer-A1 or 7mer-m8), at least one 8mer seed or at least one conserved 7 or 8mer seed. To confirm that these criteria preferentially select miRNA target genes, we established a new model system with tetracycline inducible miR-17-92 expression in the SHEP neuroblastoma cell line (SHEP-TR-miR-17-92) (Supplementary Figure S7) . Expression of the miR-17-92 cluster is activated by MYCN/c-MYC and five miRNAs belonging to this cluster (miR-18a, miR18a*, miR-19a, miR-20a and miR-92a) are among the 16 upregulated miRNAs in our signature. For three of these (miR-19a, miR-20a and miR-92a) we can define candidate miRNA targets using our selection strategy on the mRNA and miRNA data from the 40 tumors. We then compared differentially expressed mRNAs in treated and untreated SHEP-TR-miR-17-92 cells with our predicted targets for miR-19a, miR-20a and miR-92a using gene set enrichment analysis (Subramanian et al., 2005) . Three custom gene set enrichment analysis gene lists were established based on the different seed matches (7mer, 8mer and conserved 7 or 8mer) of miR-19a, miR-20a and miR-92a. Interestingly, two gene lists (8mer, P ¼ 0.01 and conserved 7 or 8mer, P ¼ 0.005) showed significant enrichment among the mRNAs that were downregulated on miR-17-92 induction in the SHEP-TR-mir-17-92 cells hereby validating our selection strategy (Supplementary Figure S8) . The fact that only predicted targets with 8mer seeds and conserved seeds are enriched confirms the higher efficacy of these seeds (Baek et al., 2008) . In addition, several predicted targets defined by this strategy, such as TGFBR2, ATXN1 and HIPK3, have already been reported as direct targets of miR-20a, miR-19a and miR-92a, respectively (Volinia et al., 2006; Landais et al., 2007; Lee et al., 2008) . We also compared our target predictions for miR-20a in neuroblastoma to a set of validated miR-20a targets obtained by ribonucleoprotein immunoprecipitation-gene Chip in Hodgkin lymphoma cells (Tan et al., 2009) . From the 37 miR20a 8mer targets that we identified, 14 were reported by Tan et al. (2009) (Fisher's exact test, Po0.001). These results indicate that, although some of the predicted targets could be indirect, our miRNA target identification strategy definitely selects a substantial number of direct miRNA target genes. miRNA activation as a mechanism for MYCN/ c-MYC-induced mRNA downregulation We next set out the search for target mRNAs downstream of the MYCN/c-MYC miRNA signature. If a miRNA affects target gene expression, the negatively correlated mRNAs should be enriched for 3 0 UTR miRNA seeds. Strikingly, 3 0 UTR seed enrichment was found for almost all upregulated miRNAs (14 out of 16) but not for the downregulated miRNAs (1 out of 34) (Fisher's exact test, Po0.0001). For the upregulated miRNAs, cumulative distribution plots show a significant difference between the Spearman's rank rho value distribution (representing mRNA:miRNA correlation) of mRNAs with a 3 0 UTR seed compared with mRNAs without a 3 0 UTR seed (Kolmogorov-Smirnov, Po0.001) (Figure 3a) . For the downregulated miRNAs this is not the case (Figure 3b ). These findings show that MYCN/c-MYC-activated miRNAs rather than MYCN/c-MYC repressed miRNAs have a widespread effect on differential mRNA target gene expression. This observation therefore suggests that activated miRNA expression could serve as a mechanism for MYCN/ c-MYC-induced mRNA repression. To further support this hypothesis, we established a core set of predicted miRNA targets using our target identification strategy and compared the number of predicted targets between the up-and downregulated miRNAs. On average, upregulated miRNAs have four times more predicted targets when considering 7mer seeds and 6 to 18 times more predicted targets when considering 8mer or conserved seeds respectively (Figure 3c ). This huge discrepancy in predicted target genes between up-and downregulated miRNAs thus supports the notion that MYCN/c-MYC-activated miRNAs predominantly drive differential gene expression in high-risk neuroblastomas. Moreover, it confirms that activated miRNA expression is correlated to widespread mRNA repression. In line with this, MYCN and c-MYC downregulated genes should contain 3 0 UTR seeds for MYCN/c-MYC-activated miRNAs. To evaluate this, known MYCN and c-MYC down-and upregulated genes were extracted from the MYCNot database (http://medgen.ugent.be/MYCNot) and the MYC target gene database, (Zeller et al., 2003) respectively. The total occurrence of seeds from all 16 upregulated miRNAs were calculated and compared between down-and MYCN/c-MYC microRNA regulation P Mestdagh et al upregulated genes. As expected, MYCN downregulated genes were significantly enriched for seeds from the upregulated miRNAs (Fisher's exact test, Po0.001) (Figure 3d ) confirming the observed correlation between miRNA activation and MYCN target gene repression. Strikingly, this enrichment was also apparent for c-MYC downregulated genes (Fisher's exact test, Po0.01) (Figure 3d ). Although entries in MYCNot mainly represent MYCN targets in neuroblastoma, the MYC target gene database contains c-MYC targets across multiple other tumor entities. Despite the fact that the upregulated miRNAs were selected from primary neuroblastoma tumors, their seed signature is also manifested in other tumors with activated MYCN/ c-MYC signaling, underlining the general relevance of this MYCN/c-MYC signature for tumor biology.
MYCN/c-MYC-activated microRNAs act in concert
The entire network of MYCN/c-MYC upregulated miRNAs and their predicted target mRNAs are significantly enriched for genes listed in the neuroblastoma gene server NBGS (Fisher's exact test, Po0.001), a database containing genes reported as differentially expressed in neuroblastoma tumors (http://medgen. ugent.be/NBGS Center for Medical Genetics, Ghent, Belgium). In addition, it reveals that a significant number of mRNAs are putatively regulated by multiple miRNAs (Figure 4 ). Over 30% of the mRNA targets are predicted to be under the regulation of two or more miRNAs indicating a concerted mode of action of miRNAs toward their predicted target genes. The significance of this cooperative regulation between miRNAs and mRNAs in the network were evaluated Figure S9 and Supplementary Material). We consistently observed a higher degree of cooperative regulation between MYCN-activated miRNAs and their targets as compared with random selections of mRNAs/ miRNAs (Kolmogorov-Smirnov, Po0.0001) suggesting that cooperative regulation is a likely feature within the network of MYCN-activated miRNAs. Cooperative regulation of gene expression by co-expressed miRNAs has been suggested before and could serve as a mechanism to fine tune gene expression (Sampson et al., 2007) . Alternatively, it might be that one binding site is insufficient for proper repression. An increasing number of 3 0 UTR binding sites have indeed been shown to be more effective toward target regulation (Selbach et al., 2008) .
MicroRNA target gene expression correlates to patient survival As MYCN/c-MYC-activated miRNAs appear essential in mediating MYCN/c-MYC-induced transcriptional repression, we asked whether the predicted mRNA targets of these miRNAs would have any prognostic value. The combined activity of the predicted 8mer miRNA targets (n ¼ 193) was evaluated using a rank-based pathway score in two independent neuroblastoma microarray data sets (Oberthuer et al., 2006; Wang et al., 2006) . To assess the effect on patient outcome, samples were divided into quartiles according to the pathway activity score (Fredlund et al., 2008) . Kaplan-Meier analysis of the Oberthuer data based on these quartiles revealed a significant correlation to both event-free (EFS, Po0.001) and overall survival (OS, Po0.001) (Figures 5a and b) . Patients in the first quartile, representing tumors with the lowest expression of predicted 8mer miRNA targets, have a particular poor prognosis as compared with those in the fourth quartile. Of interest, 48% of the tumors in the first quartile (n ¼ 66) were MYCN single-copy confirming that MYCN/c-MYC signaling rather than MYCN amplification underlies the poor outcome of these patients (Fredlund et al., 2008; Westermann et al., 2008) . Moreover, 8mer miRNA-mediated target repression but not MYCN amplification status was an independent factor in a multivariate Cox regression model for EFS and OS (Supplementary Table S3 ). In the Wang data set, Kaplan-Meier analysis confirms the observed correlation to OS (Po0.001) and EFS (Po0.001) (Figures 5c and d) . In this study, 8mer miRNA target signaling was no independent factor for OS but was for EFS (Supplementary Table S3 ). A possible explanation for this discrepancy is that the Wang data set is highly biased toward MNA high-risk patients. Taken together, these data clearly show that the process of mRNA repression, mediated by MYCN/c-MYC upregulated miRNAs, are highly correlated to tumor aggressiveness and ultimately patient survival.
MYCN/c-MYC-activated microRNAs repress pathways affecting patient survival across tumor types
To gain more insight in the genetic programs underlying MYCN/c-MYC-activated miRNA signaling, we dissected the list of predicted 8mer and conserved targets into pathways using the Ingenuity Pathway Analysis software (Supplementary Table S4 ). The analyses showed that the largest fraction of predicted conserved targets appeared to be implicated in cell death and cancer-related processes and these genes were comparatively lower expressed in high-risk as compared with low-risk neuroblastoma tumors (data not shown). Other pathways known to be involved in neuroblastoma, such as CREB signaling (Jiang et al., 2008) , CNTF signaling (Peterson and Bogenmann, 2004) and integrin signaling were also identified. Integrin signaling is of particular interest as decreased expression of integrins selectively enhances neuroblastoma survival and metastasis (Stupack et al., 2006) . Both integrin receptors and downstream signaling molecules were among the predicted 7mer and 8mer targets of the MYCN/c-MYCactivated miRNAs. In addition, CAV1, a scaffolding protein linking integrin subunits to the tyrosine kinase FYN, is a direct MYC target (Park et al., 2001) . Together, these findings suggest that integrin signaling is repressed by increased MYCN/c-MYC signaling. To assess whether integrin signaling intensity reflects neuroblastoma patient survival, a pathway activity score was calculated using all predicted 7mer targets from the integrin signaling pathway (n ¼ 19). Kaplan-Meier analysis of the Oberthuer and Wang data sets revealed a significant correlation to OS (Oberthuer: Po0.001, Wang: Po0.01) and EFS (Oberthuer: Po0.001, Wang: Figure S10) . In a multivariate Cox regression model using integrin pathway activity quartiles and MYCN amplification status, low integrin signaling remained predictive of both OS and EFS in the Oberthuer data set and of EFS in the Wang data set (data not shown). In summary, these results suggest that miRNA controlled regulation of specific groups of mRNAs could serve as an additional mechanism of MYCN/c-MYCinduced oncogenicity.
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As integrin signaling is (in part) MYCN/c-MYC regulated, we evaluated whether it would reflect patient survival in other tumor entities with increased MYCN/c-MYC signaling. One such entity is diffuse large B-cell lymphoma. Approximately, 15% of diffuse large B-cell lymphomas have rearrangements at the c-MYC locus resulting in c-MYC overexpression and poor patient survival (Kramer et al., 1998; Chang et al., 2000) . The integrin signaling pathway activity score was calculated for a microarray data set of 255 diffuse large B-cell lymphomas (Lenz et al., 2008) . In keeping with our observation in neuroblastoma, Kaplan-Meier analyses indicate that integrin signaling is proportionally correlated to overall patient survival (Po0.001) (Supplementary Figure S11 ). These results indicate that the integrin signaling pathway, which is negatively correlated to MYCN/c-MYC-activated miRNAs, is conserved between tumor types. Not only do c-MYC and MYCN activate a common set of miRNAs, these miRNAs appear to signal through the same pathways in two entirely different tumor cell types, lending support to a functional redundancy between the two transcription factors.
Discussion
We have identified a miRNA signature representative for MYCN/c-MYC signaling in neuroblastoma tumors. Using ChIP-chip, we have shown binding of MYCN to the promoter region of several miRNAs suggesting a direct role for MYCN in the transcriptional regulation of these miRNAs. Additional experiments that assess reduced MYCN binding in cells with low MYCN expression are warranted to fully validate these findings. Our results further suggest that c-MYC and MYCN have overlapping functions for the induction of this miRNA signature. The functional overlap between MYCN and c-MYC is further substantiated by the identification of a c-MYC-translocated neuroblastoma tumor with a mRNA, miRNA and genomic profile that is typical for a MYCN-amplified tumor. It is also perfectly in line with previous reports on miRNAs commonly regulated by c-MYC and MYCN (Chen and Stallings, 2007; Chang et al., 2008; Sander et al., 2008; Schulte et and with the observation that MYCN can functionally replace c-MYC in murine development (Malynn et al., 2000) . Whether c-MYC is capable of replacing MYCN remains to be determined but could further corroborate these findings. MYCN appears to be a weak transcription factor as miRNA expression levels in MNA and SH tumors are equally high (or low) despite the fact that MYCN expression in MNA tumors is substantially higher than c-MYC expression in SH tumors. To identify candidate miRNA target genes, we used an integrative approach based on negative correlation analysis between miRNA and mRNA expression in primary tumors, in combination with 3 0 UTR seed occurrence and a cellular model system. We showed that MYCN/c-MYCactivated miRNAs are correlated to widespread transcriptional repression whereas miRNAs that are downregulated in MYCN/c-MYC-activated tumors were not associated with transcriptional activation. This observation does not imply that mRNAs that do have a seed for downregulated miRNAs are irrelevant. Chang et al. have shown that c-MYC-induced miRNA downregulation can have a profound effect on tumorigenesis (Chang et al., 2008) . In line with this, we observed a significant correlation between the predicted targets of the downregulated miRNAs and patient survival (data not shown) suggesting that miRNA downregulation is important in tumorigenesis. The mechanisms by which c-MYC and MYCN induce transcriptional repression are multiple and include binding to Miz-1 and induction of promoter hypermethylation (Gartel, 2006; Kleine-Kohlbrecher et al., 2006) . Our results now suggest that MYCN/c-MYC-induced miRNA activation also contributes to coding gene repression. The observed correlations were experimentally verified in neuroblastoma tumors and in silico for published c-MYC and MYCN downregulated genes in different tumor entities suggesting a non-random and conserved feature of the MYCN/c-MYC network affecting specific collections of mRNAs. MYCN/c-MYC-induced miRNA activation has been shown to repress the expression of few coding genes, such as CDKN1A, BCL2L11 and E2F1 (O'Donnell et al., 2005; Fontana et al., 2008) whereas our findings suggest a widespread transcriptional repression. Although we have shown that the observed mRNA downregulation is miRNA dependent in a cellular model system, further experiments are needed to establish direct interactions between the MYCN/c-MYC-activated miRNAs and the repressed mRNAs.
Pathways that are repressed in this way were shown to be of clinical importance in different tumor entities with increased MYCN/c-MYC activity again confirming that MYC family members have overlapping functions that contribute to tumor aggressiveness. It also confirms that assessing entire signaling pathways, rather than individual genes, is highly informative with respect to cancer outcome prediction (Bild et al., 2006; Watters and Roberts, 2006; Liu and Ringner, 2007) . For neuroblastoma in particular, combined analysis of multiple signaling networks has been successful and might benefit from the addition of other pathways, such as integrin signaling, to further increase prediction sensitivity (Fredlund et al., 2008) . In addition, the observed similarities in miRNA expression between MNA and SH neuroblastoma tumors suggest that both tumor subgroups share a number of pathways deregulated through MYCN/c-MYC-mediated miRNA modulation. The identification of such pathways might prove useful in the search for novel therapeutic targets.
In conclusion, we uncovered a widespread correlation between miRNA activation and c-MYC/MYCNmediated coding gene expression modulation and further substantiate the overlapping functions of c-MYC and MYCN in the process of tumorigenesis.
Materials and methods
Patient samples and cell lines
A total of 95 primary neuroblastoma tumor samples were collected at the Ghent University Hospital (Ghent, Belgium), the University Children's Hospital, Essen (Essen, Germany) and the Medical School of Valencia (Valencia, Spain) before therapeutic treatment. Patients were staged according to the International Neuroblastoma Staging System. Informed consent was obtained from the patients' relatives. Details on prognostic subgroups and neuroblastoma cell lines are listed in the Supplementary Material.
MicroRNA expression profiling
Total RNA was isolated using the miRNAeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. MiRNA expression profiling and data normalization were performed as described earlier (Mestdagh et al., 2008 (Mestdagh et al., , 2009 ).
Messenger RNA expression profiling Total RNA was isolated from tumor samples and was hybridized to Human Exon 1.0 ST array (Affymetrix, Santa Clara, CA, USA) at the microarray facility of the University Hospital of Essen according to the manufacturer's protocol. Total RNA from tetracycline treated and untreated SHEP-TR-miR-17-92 cells were hybridized to Affy-Hu-Gene1.0ST oligonucleotide chips (Affymetrix) at the microarray facility of the Flanders Institute for Biotechnology (Leuven, Belgium).
Fluorescence in situ hybridization Fluorescence in situ hybridization was performed according to Van Roy et al. (1994) . The following probes were used: LSI MYC dual color, break-apart rearrangement probe and LSI IGH/MYC, CEP8 tri-color, dual fusion translocation probe (Abbott Molecular Products, Des Plaines, IL, USA).
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described earlier using 10 mg of MYCN or c-MYC antibodies (Westermann et al., 2008) . For a detailed description see Supplementary Material.
Statistics
Details on statistical procedures are described in Supplementary Material.
